High Energy Density Physics (HEDP)
Short-Pulse Driven Relativistic Plasmas

laser pulse
electron

o\, Laser Pulse

electron
beam

O o
positron

e

Assistant Professor Louise Willingale (she/her)

M COLLEGE OF ENGINEERING

ELECTRICAL & COMPUTER ENGINEERING
UNIVERSITY OF MICHIGAN SULI 2021, 25t June 2021




My plasma physics journey

to JET AL \ 2007 Plasma Physics PhD

1 _.' .
f8F . = Imperial College
5t 1) London

2003 Physics MSci= 4

Field trip

r'*f:“
‘ l\ THE GERARD MOUROU
M ’ [:U[]S CENTER FOR ULTRAFAST OPTICAL SCIENCE

UNIVERSITY OF MICHIGAN

2008 — 2011: Postdoc
2011 — 2014: Assistant Research Scientist
2014 — : Assistant Professor

ZBUSS:

EGAER 2o ) 4
L%gMgﬁ’évsﬁM



Creating HEDP conditions: Laser pulses
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Creating HEDP conditions: Laser pulses
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Chirped Pulse Amplification (CPA)

CPA - chirped pulse amplification hepul s s comprase=d

and its intensity increases
dramatically.

Short light pulse The pulse is stretched, The stretched
from a laser. which reduces pulse is amplified.
its peak power.
A
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Grating pair, Amplifier Grating pair,
pulse stretcher v pulse compressor

©Johan Jarnestad/The Royal Swedish Academy of Sciences



Creating HEDP conditions: Laser pulses

High-peak-power laser facilities world-wide

International Committee on Ultra-High Intensity Lasers (ICUIL),
https://www.icuil.org/activities/laser-labs.html)



https://www.icuil.org/activities/laser-labs.html
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Time scales

30 fs ~1ps 20 ns <100 ns
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Laser intensity

very simplistic

calculations... HerCU|e -
I -
T, T
(Per beam)
Energy, E; 15 500 5000 J
Pulse duration, 7, 30 fs 1 ps ~10 ns
Focal spot radius, r 1pum 10 um 0.5 mm

Intensity 1022 Wem2 1029 Wem2 101* Wem?-2



Laser intensity: 10%' Wcm™

Solar intensity at Earth surface = 1.4x10~* Wcm?2

Earth diameter = 6371 km
Power of sun on Earth =180 TW
c.f. US grid capacity =1.12 TW

Human hair radius
~ 25 um

Intensity ~ 102! Wem?2




Laser electromagnetic fields

A=A, sin(ka - a)Lt)

% =E, cos(ka - a)Lt)i

E

Electric Magnetic B=VxA=B,cos(k,x—w,1)z
field field z

Normalized vector potential (or Classical nonlinearity parameter):

eA eEA Quiver energy of electron
MmeC 2Tm,C meC

For a > 1, we can generate a relativistic plasma



m\w
LS
D
4—
|-
)
n
©
)
-
-+
R
-
QO
-+
O
S
-
@
e
O
D
LL

-2
Wem

14 x10"

2
u

A

wn
O
Y
Y
-
),
wn
e
()
L
4+
=
C
O
G-
4
O
Y
)
C
(40)
Y
O
C
9
-+
=

Electric

field
Relativistic regime
a> 1
2
0
[ ]




Why study high intensity laser-plasma interactions?
Probing basic plasma physics

relativistie
plasma

Light pulse

%/\/ o~ Miniaturize accelerators
Unique, ultrashort,
Mas extr.emely bright
a particle & photon

Our “Tool” sources
- laser pulse ‘4’1& i nuclear material
‘-J';;Jecmm ‘, 'y ' ' “accelerated
~ "{ % . ons
Y Yorays
plasma wakefield % solid "l:"::"
target

5 GeV electrons ‘ Broader applications...



Applications for particle and light sources

Medicine Industry

Accelerators

P [ sources

Energy and
environment National security

Discovery science




Radiation from high intensity laser-plasma interactions

Laser pulse
Trapped electron _ /
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X-ray pulses

Attosecond pulse generation

thin foil target

hot electron cloud
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Target plasma densities

2
Laser frequency, w;, = wy, = “e”_ gives a “critical density” of n, = mesng
Some e
AVAVAVAS e
Underdense Overdense

Gas Jet Plasma

n. = 1021 cm™
1018 — 1020 cm-3 plume ©

Solid foil ~ 1024 cm™3

Foam
0.9-30x 102" cm™=




Diagnosing plasma physics: probing

Dr Merritt: “One of the biggest challenges of HED science is to make and
measure a high energy system in a [ab” = Diagnostics must be very fast

External probe

Partlcles
Electrons n )
Protons B e i
oo ~ T 2 Optical (laser)
Neutrons .. .e
Positrons Emission EM fields? X_rays
lon species?
Particle beam
Photons
gamma ray ultraviolet infrared radio
X-ray visible . microwave
L 2
shorter I gth lon g r wave I gth
higher f q < M- I f q

higher gy
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Diagnosing HED plasmas

NIF Advanced Radiographic Capability (ARC)




Laser Wakefield Acceleration (LWFA)

W //////

Surfing on an electric field



Laser Wakefield Acceleration (LWFA)

Electron beam properties
Quasi-monoenergetic 100 pC charge

W Leemans, et al., PRL, 113, 245002 (2014) -
’ 350
. I 95% He, .
3 : ) 5% No 100% He

SD printed vanable
length two stage gas cell

> 1000 papers since 2000 (Web of Science)

Experiments routinely demonstrate GeV
electron beams from cm scale plasma
i.e. 100 GeV/m acceleration gradients
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O Lundh, et al., Nature Physics, 7, 219 (2011)



“Bubbletron’’ or betatron radiation

LWFA x-ray sources are as bright as
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Phase contrast imaging for medical applications

Commercial
LWFA-betatron x-ray tube
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Small source allows propagation based phase contrast imaging

X-rays develop a degree of spatial coherence on propagation

JM Cole, et al, PNAS, 115, 6335 (2018)



Phase contrast imaging for material science

Deflected
electron beam

(a)

Au-coated Scintillating
Kapton tape screen

X-ray camera
Parabolic mirror

Kapton wigdow

W\A

Imaging quality compares well with a
synchrotron (Swiss light source)
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Ultrafast probing (sub 100 fs)

(Inherently timed to laser for pump-probe applications)

Visualization of global lattice Kinetics of atomic transitions: Dynamics of complex
dynamics and structural changes: structures:
Electron or x-ray diffraction X-ray absorption spectroscopy X-ray phase contrast imaging

Silicon shock targets Adhesive
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Target normal sheath acceleration (TNSA)

S Hatchett, et al, PoP, 7, 2076 (2000)

Thin foil

Proton beam

v Creates proton beams that are
« Laminar (imaging quality = 10 pym),
transverse emittance < 0.004 mm mrad
» short-duration (~picosecond at source)
 high-flux proton beams (>10? protons)
v/ Mature theory and well studied mechanism
v/ Robust enough to explore applications

Energy conversion efficiency ~ few %

Hot electrons expand
Into the vacuum setting
up a sheath field

X Broad, Maxwellian-like energy spread
(up to ~ 60MeV)
X Maximum ion energy scale with laser energy



Application: Proton deflectometry

Proton beam is accelerated (via TNSA):
Laminar acceleration — good spatial resolution
Short acceleration time — good temporal resolution
Maxwellian-like spectra

Thin foil

high energy
Time-of-flight-provides image  (early in time)

equence on film layers

@

laser
Imm

1000

Electron cloud generates a
sheath field

Quasi-static electric or -
magnetic fields deflect '
protons according to the
Lorentz force .

F= q(E + 13><]§))

3DB3S Wil diwoJlydolpey

lower energy
(later in time)

M Borghesi et al, Rev Sci Inst, 74, 1688 (2003); Laser and Part Beams, 20, 269 (2002)
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Imaging electromagnetic fields with protons

Ultrafast field
propagation

K Quinn et al, PRL, 102, 194801 (2009)

Channel formation

S Kar et al, NJP, 9, 402 (2007)
L Willingale, et al., PRL, 106, 105002 (2011)
L Willingale, et al., NJP, 15, 025023 (2013)

o+ 188 ps LA

Soliton formation

M Borghesi et al, PRL, 88, 135002 V1
(2002)
(zoom x 3) ;
Vn,
Magnetic field dynamics erGg?gauss

P T Campbell, et al., PRL, 125, 145001 (2020)
P T Campbell, et al., in prep (2021)

proton flux

T

Magnetic reconnection

L Willingale et al, PoP, 17, 043104 (2010)
CAJ Palmer, et al., PoP, 26, 083109 (2019)

Collisionless shocks

L Romagnani et al, PRL, 101, 025004 (2008)

Proton Acceleration fields

L Romagnani et al, PRL, 95, 195001 (2008)

fB,dl (MGpum)

(this is a small subset of examples...) L

r(mm)



Can we create a pair plasma in the l[aboratory?

i Positrons have the same mass as
Gamma ray burst electrons, but opposite charge.

The mass symmetry removes the
separation of fast and slow scales
present in electron-ion plasmas.

Tsytovich & Wharton (1978) Comments Plasma Phys. Controlled Fusion (1978)

Collisionless shocks of relativistic pair
plasma could be drivers of gamma
emission.

Liang et al. Scientific Reports (2015) Sarri et al. Nature (2015)

Materials from Hui Chen (LLNL)




Pair plasma in the laboratory?

Laser plasma interactions can generate dense, relativistic energy electron beams

Require a large enough number of

positrons for the system to be:

e Sufficiently dense

* Within a volume larger than the
Debye length and skin depth

* For timescales longer than the .
phenomena of interest

B(T)

H Chen, et al., PRL, 102, 105001 (2009) |
-10 0
z-coordinate (mm)

Solid target anetc gotte:

Gas ’//~>\\\\ B-Fleld
— T X gl
RSEEE3308 os. s,

[ ﬂ_‘:;;_

7 =
b o8 B

G Sarri, et al., PRL, 110, 255002 (2013)
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ZBUS™ . 7ES laser facility

Zettawatt-Equivalent Ultras

[ ettawatt - 10% W

E . Critical field
quivalent g ~10%v/m

Ultrashort pulse laser

System Es| &

Electric field strength (V/m)

‘|020
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—— Vacuum breakdown: spdﬁdneo‘%
creation of electron-positron pairs

— Current laboratory record

____ Electron accelerated to resfwwm%
mass energy in 1 pm

____ Electric field of @
hydrogen ground state




ZBUS*-

ZEUS | facilit
Zettawatt-Equivalent Ultrashort Pulse Laser System a S e r a C I I y

M

[ ettawatt - 107 W
E . Critical field
quivalent g ~10%v/m

Ultrashort pulse laser

System

User facility: due to be operational late 2023

ZEUS power=3 PW=3x10"W
(Highest power laser in the USA)

In the rest frame of reference, a GeV electron
beam the intensity experienced will be
equivalent to a Zettawatt power pulse!

1022 W/gm2 laser pulse
o

GeV electron beam _=—©_ ©
/P

electron
O

O
O
O

O .
posilron




QED in strong fields

We saw a relativistic plasma is generated above the classical nonlinear
parameter threshold:

_ eEA  Quiver energy of electron

- 2mmgc? MeC?

* For electromagnetic fields exceeding the Quantum nonlinearity
parameters, we can generate matter/anti-matter from light

a

— ||F/,wUV|| _ Amplitude of E in e rest frame

Y
EC EC /M
_ ||[FuvhkY|| _ Amplitude of E ine*e™ center of mass 3

SARE be %

Artist: AGR Thomas
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Creating QED-plasmas

1030 O m O TeV X p— 1

(lepton at rest) Field strength boosted for
energetic particles

1025

x =1

(lepton at energy ~a,m,c?)
1020
agp — 1
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Focused Intensity / Wem-2
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Extreme Plasma Physics

Extreme plasma physics is the area of many-body interactions in quantum
electrodynamics - i.e. relativistic plasma interacting with electromagnetic fields.

Coupling between QED processes and
relativistic plasma physics introduces
new behavior

binary neutron
Affects:
EM fields
Particle momenta

star merger

Affects:
Plasma density
Particle momenta

...After the first second, until the
appearance of light nuclei (3 mins) is the
lepton era - dominated by electron,
positron, and photon plasma.

P. Zhang et al, Phys. Plasmas (2020)

https://physics.aps.org/articles/v10/114



https://physics.aps.org/articles/v10/114

Multi-Petawatt lasers are the first step towards generating plasma

from light

P 4 High intensity particle physics QED plasma physics

Plasma

rom
Multi photon Compton , 1! /
and Breit-Wheeler processes e D -l iplé-bez n"'; By ' - /

1ASEr J!s" !F'I f;;
lasgr-laser"intemctign '
(beam-beam)

Showcr -type cascade

100 PW

10 PW
Q
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2k k3
Qe
I PW ° 85 /o' e
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Avalanche-type cascade

>
1 10 Field in particle frame

Critical field

Workshop on Opportunities, Challenges, and Best Practices for Basic Plasma Science User Facilities (arXiv:1910.09084)



Short-Pulse Driven Relativistic Plasmas

1022 W/cm? laser pulse
0 0

')y, Laser pulse .y ciearon beam
p GeV elect b e 0

0 electron
o 0
) . O .
" O positron
0o
o

Y-ray -

Compact particle accelerators

and light sources Extreme Plasma Physics

/ QED-plasmas




Mie Michigan Institute for Plasma Science
=z and Engineering

A collaborative support organization for
research, education and industrial
interactions for plasma science and
engineering

* Focal point for university wide activities in

plasmas and interactions with Federal agencies.

* Opportunities for collaborative research across
departments.

* Seed research activities to attract center-level
funding.

* Enhance graduate education in PSE.

* Facilitate research with industry.

* Outreach to broader community.

» Discipline resource for career opportunities.

Director: Prof Mark Kushner

69+ faculty members from
UM, MSU and more...

Activities

* Seminar Series (also webcast)

e Graduate Symposium

* Graduate Certificate

* Job Opportunities

e Outreach activities

* Plasmas in our Lives (video interviews of
seminar speakers)

e Entry point for industrial interactions — many
opportunities for engagement

* mipse-central@umich.edu



Plasmas in our lives:

~ = >60 Short intro videos of the MIPSE seminar speakers
* Top researchers from around the world
* Wide range of plasma topics

miplczsrro;

#1 The Wonders of Plasmas

Mark Kushner
University of Michigan

® P & 0020



https://mipse.umich.edu/life_overview.php
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